A site-specific numerical model, based on the finite-difference time-domain method, is developed in this paper for the indoor radio channel. The scenario of interest is concerned with wave propagation in a typical office environment, for which several simulations are performed considering different placements of the transmitting antenna. Both the 2-and 5-GHz bands are examined, where contemporary wireless local area networks operate. Important channel characteristics are evaluated via the estimation of received power levels, as well as the examination of small-scale fading and time dispersion.
I. INTRODUCTION
T HE development and widespread utilization of wireless local area networks (WLANs) has triggered intense research concerning the study and prediction of indoor wave propagation. This is due to the fact that the understanding of the particular radio channel characteristics is considered essential for designing and realizing efficient wireless communication systems. However, in-building propagation is a highly complex process, as it occurs within environments possessing a variety of geometric and electromagnetic properties. Due to multiple interactions with walls, furniture, equipment, and people, received signals exhibit fading characteristics in space and spreading in time [1] . For site-specific calculations, deterministic approaches based on physical models that take into account all or most of the environment's details constitute a reliable choice. In this framework, ray-tracing algorithms have been used extensively to perform indoor wireless studies [2] - [4] . On the other hand, there also exist some applications of the finite-difference time-domain (FDTD) method [5] for similar purposes. For example, the impact of different wall models on several channel parameters was pointed out via FDTD simulations in [6] . Moreover, FDTD results related to window stwere incorporated in a ray-tracing algorithm in [7] , while [8] introduced a hybrid ray-tracing FDTD technique for accurate site-specific calculations.
This paper presents a set of numerical simulations regarding WLAN operation in a typical three-room office, based on a two-dimensional (2-D) FDTD approach. To incorporate contemporary systems, both the 2.44-and 5-GHz bands are considered, with the latter examined separately at 5.25 and 5. to multipath propagation, are provided. Statistical characterization of small-scale fading is then performed by computing the corresponding Rician factors. Further wide-band simulations permit the study of the channel's time dispersion, by analyzing the recorded power delay profiles (PDPs). In essence, the numerical results are exploited to assess fundamental properties of the examined wireless channel. Therefore, the proposed prediction tool can be practically utilized at the design stage of WLANs to ensure reliable services, without resorting to time-consuming or expensive measurement campaigns.
II. SITE DESCRIPTION AND THE FDTD MODEL
The indoor environment where WLAN operation will be investigated is a typical office area comprising three rooms, as depicted in Fig. 1 By choosing a spatial step of 5 mm, a lattice model with an overall size of 1842 1710 square cells is obtained. The mesh resolution at the examined frequencies (2.44, 5.25, and 5.8 GHz) corresponds to 24.6, 11.4, and 10.3 cells per freespace wavelength, respectively. For the reduction of undesirable reflections from the domain's boundaries, a ten-cell perfectly matched layer [5] is incorporated. All simulations consider the case of TM waves ( components) and apply the maximum usable time-step. As shown in Fig. 1 , nine potential positions of the transmitter, which is modeled as an omnidirectional radiating source, are examined. In this way, channel behavior can be thoroughly investigated with respect to the relative source positioning.
III. RADIO CHANNEL CHARACTERIZATION
To estimate the coverage capabilities of a wireless system, time-harmonic variation is assigned to the transmitter's position, according to the operating frequency . The electric-field intensity is acquired by applying an on-the-fly discrete Fourier transform at , after the execution of a sufficient number of iterations, in order to ensure the establishment of steady state throughout the computational domain. A measure of the mean power is then derived locally in a manner similar to [6] , by averaging the square of the normalized signal magnitude in a square area with sides. Specifically, at point we apply (1) where is the number of samples taken into account. The effect of the averaging process is illustrated in Fig. 2 , along a path emanating from a transmitter at position 5 ( GHz). The actual received signal experiences significant variations (values as low as 50 dB) for small displacements, but small-scale fading is eliminated with the averaging process.
For a statistical description of the received signal envelop at a local level, a common practice is to utilize Rician distributions, which can also represent the Rayleigh distribution as a special case. Rician fading is uniquely characterized by the factor, which represents the ratio of the power of the dominant component to that of multipath (scattered) ones. We have followed two different ways to calculate Rician parameters. First, is computed according to the Rice distribution that best matches (in a least-squares sense) the actual distribution of the signal magnitude, referring to a area. Alternatively, Rician factors are obtained by numerically solving the equation [6] (2) where is the th order modified Bessel function of the first kind.
Since a single transmitted pulse reaches the receiver following a number of different trajectories, it is perceived as a sequence of pulses. This phenomenon describes the time dispersion of the wireless channel, which may lead to intersymbol interference (due to the symbol spreading) and affect system performance. The degree of dispersion is quantified with the aid of the recorded PDPs , from which the root mean square (rms) delay spread is obtained via (3) and is the PDPs mean excess delay
In the numerical simulations, these parameters are evaluated over a 150-MHz bandwidth around the operating frequencies.
IV. NUMERICAL RESULTS

A. Coverage Studies
Two of the factors that mainly affect the coverage characteristics of a WLAN are the operating frequency and the placement of the access point. In Table I , coverage statistics for transmitter positions 1 to 4 and the three frequency bands are given. The calculated values correspond to the area percentage, within which the mean power levels satisfy specific thresholds (selected at 5-dB steps). For practical purposes, the examined area is the one covered by the three rooms only (i.e., walls and external areas have been excluded). As expected, higher frequencies are liable to suffer more severe attenuation. For instance, Fig. 3 shows the points where power exceeds 35 dB, at 2.44 and 5.8 GHz, with the transmitter at position 4. It is evident that the penetration in room 2 is weaker at 5.8 GHz. Therefore, the area where the 35 dB limit is satisfied, is larger at 2.44 GHz (the corresponding values are 81.81% and 66.45%). Yet, it should be noted that this difference does not remain constant for different power thresholds. In the aforementioned case, the respective percentages for the 30 dB level are only slightly different (58.08% and 56.04%), indicating the high spatial complexity of power distributions.
By taking into account the results from all transmitter positions, some interesting observations can be made. The average power in rooms containing the source ranges from 24.23 to 21.41 dB at 2.44 GHz, from 25.05 to 22.41 dB at 5.25 GHz, and from 25.39 to 22.54 dB at 5.8 GHz. These are the cases that satisfy line-of-sight (LoS) conditions. When the transmitter is located either in room 1 or 2, the differences between these two areas can be quite significant, due to the shadowing effect of the thick wall. At 2.44 GHz, the deviation of their mean power levels is between 6.75 and 11.19 dB. The lower difference is observed when the source is at position 6, due to the small antenna-wall separation. Similar remarks are valid for the two other frequencies; power differences in rooms 1, 2 lie between 7.99 and 11.53 dB at 5.25 GHz, and between 7.93 and 11.64 at 5.8 GHz, thus implying a slight increase with frequency. When the antenna is in room 3, the path-loss in room 2 is lower than that in room 1, as a result of the weak signal obstruction caused by the partition. In this case, it appears that power levels in room 2 are higher than those in room 1 by approximately 5.9 dB at 2.44 GHz, 7.3 dB at 5.25 GHz, and 7.1 dB at 5.8 GHz.
If a comparison between averaged power values at different frequencies is pursued, ones concludes that their fluctuations are not very pronounced. This verifies that the propagation and scattering mechanisms in the 2-and 5-GHz bands are quite similar. For instance, the power differences in LoS cases between 2.44 and 5. Specifically, we find a maximum difference of 3.12 dB (1.75 dB average) between 2.44-5.8 GHz, and 1.12 dB (0.63 dB average) between 5.25-5.8 GHz.
B. Time-Delay Calculations
Considering LoS cases, the range of the average root mean square (rms) delay spread is within 11.07-15.02 ns at 2.44 GHz, 9.69-11.89 ns at 5.25 GHz, and 9.89-12.92 ns at 5.8 GHz. Instead, if the transmitter is not placed inside the examined room, these ranges become 12.77-16.14 ns, 11.82-17.53 ns, and 10.45-16.44 ns, respectively. In other words, the delay spread appears smaller for areas dominated by direct components, considering the combined effect of wall attenuations (which lower the signal level from direct paths) and increased number of wave reflections in non-LoS cases. In addition, the results verify that, under LoS conditions, larger rooms imply larger values for the delay spread; the average values in room 1 are higher than those in room 2, while the lowest ones are observed in room 3. Furthermore, the values in LoS cases appear larger at the 2-GHz band than at the 5-GHz band. Examining rooms without the sources, the behavior of the rms delay spread with frequency is not so clear. Regarding the mean excess delay values, similar conclusions can be deduced. Fig. 4 plots the rms delay spread along a path located in rooms 2 and 3, when the source is at position 4 and operates at 5.35 GHz. Lower values of are found at the points in LoS with the transmitter, verifying our previous observations. These LoS points are approximately determined by the width of the door connecting rooms 1 and 3 (indicated by dashed lines in the figure). It is apparent that the rest of the line's points exhibit more severe dispersion, especially those in room 3. Next, the dependence of on the received power level is examined in the scatter plot of Fig. 5 . The case we are referring to is that of the transmitter radiating from position 7 at 5.8 GHz. Higher power levels are associated with low values of the rms delay spread, indicating again weaker time dispersion for LoS regions (room 3 in this case). Similar scatter plots can be found for other positions/frequencies as well, but with different slopes of the fitted lines.
C. Small-Scale Statistics
A comparison of averaged Rician factors in each room shows that the difference between LoS and non-LoS positions is more pronounced when the source is located in room 3 (all-frequency averages: 3.27 in LoS and 1.64 in non-LoS conditions). It should be mentioned that there exist some cases where high values are obtained for non-LoS positions. This may be attributed to the absence of furniture, which would normally enrich the scattering processes and, therefore, increase the power of reflections. In addition, simulations show that these average values tend to increase with frequency.
A representative result is shown in Fig. 6 , with the source radiating from position 2 at 5.8 GHz. For the two observation points marked in the inlet sketch, the small-scale statistics are adequately described by means of Rician distributions, as verified by the good agreement with the numerically-derived distributions. Specifically, a high value of the Rician factor is calculated in the proximity of the transmitter, whereas is obtained for the point in room 1. This indicates the absence of a strong path and, therefore, the statistical properties of the corresponding signal fluctuations resemble those of Rayleigh fading. The Rician values obtained from solving (2) are 6.61 and 0.6, respectively, showing a satisfactory agreement between the two methods of calculation.
V. CONCLUSION
An FDTD-based deterministic model for studying WLAN operation in an office environment has been developed in this paper, for the 2-and 5-GHz bands. Several narrow-band simulations calculated the received signal levels, from which mean power estimates and statistical characterization of fast fading were derived. Additional wide-band simulations provided information regarding the time-dispersiveness of the radio channel. Despite the method's computational load (higher than ray-tracing approaches), the provided detailed information can be valuable for the efficient planning of indoor wireless networks.
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